Express Mail Mailing Label No.: EL752433805US 

PATENT 
Atty. Docket No.: CYC-046 



ORGANO-TITANATE CATALYSTS FOR PREPARING 
PURE MACROCYCLIC OLIGOESTERS 



Technical Field 

[0001] This invention generally relates to catalysts. More particularly, the invention relates to 
organo-titanate catalysts useful for preparing macrocyclic oligoesters. 

Background Information 
[0002] Linear polyesters such as poly(alkylene terephthalate) are generally known and 
commercially available where the alkylene typically has 2 to 8 carbon atoms. Linear polyesters 
have many valuable characteristics including strength, toughness, high gloss, and solvent 
resistance. Linear polyesters are conventionally prepared by the reaction of a diol with a 
dicarboxylic acid or its functional derivative, typically a diacid halide or ester. Linear polyesters 
may be fabricated into articles of manufacture by a number of techniques including extrusion, 
compression molding, and injection molding. 

[0003] Recently, macrocyclic oligoesters were developed which are precursors to linear 
polyesters. Macrocyclic oligoesters exhibit low melt viscosity, which can be advantageous in 
some applications. Furthermore, certain macrocyclic oligoesters melt and polymerize at 
temperatures well below the melting point of the resulting polymer. Upon melting and in the 
presence of an appropriate catalyst, polymerization and crystallization can occur virtually 
isothermally. 

[0004] One method for synthesis of the macrocyclic oligoesters includes the step of contacting 
a diol of the formula HO-A-OH with a diacid chloride of the formula: 
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where A is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group; and B is a 
divalent aromatic or alicyclic group. The reaction typically is conducted in the presence of at 
least one amine that has substantially no steric hindrance around the basic nitrogen atom. An 
illustrative example of such amines is l,4-diazabicyclo[2.2.2]octane (DABCO). The reaction 
usually is conducted under substantially anhydrous conditions in a substantially water immiscible 
organic solvent such as methylene chloride. The temperature of the reaction typically is between 
about -25°C and about 25°C. See, e.g., U.S. Patent No. 5,039,783 to Brunelle et aL 
[0005] Macrocyclic oligoesters may also be prepared via the condensation of a diacid chloride 
with at least one bis(hydroxyalkyl) ester such as bis(4-hydroxybutyl) terephthalate in the presence 
of a highly unhindered amine or a mixture thereof with at least one other tertiary amine such as 
triethylamine, in a substantially inert organic solvent such as methylene chloride, chlorobenzene, 
or a mixture thereof. See , e.g., U.S. Patent No. 5,23 1,161 to Brunelle et aL 
[0006] Another method for preparing macrocyclic oligoesters is to depolymerize linear 
polyester polymers in the presence of an organotin or titanate compound. In this method, linear 
polyesters are converted to macrocyclic oligoesters by heating a mixture of a linear polyester, an 
organic solvent, and a trans-esterification catalyst such as a tin or titanium compound. The 
solvents used, such as oxylene and o-dichlorobenzene, usually are substantially free of oxygen 
and water. See, e.g., U.S. Patent Nos. 5,407,984 to Brunelle et aL and 5,668,186 to Brunelle et 
aL 

[0007] To be useful for the preparation of macrocyclic oligoesters, the organo-titanate catalyst 
should be soluble in the solvent of the depolymerization reaction, should be in a physical state 
that allows it to be readily added to the reaction, and should be an active catalyst capable of 
establishing the desired equilibrium in a reasonable time. Catalysts prepared from tetraisopropyl 
titanate and two equivalents of butanediol, for example, tend to polymerize and gel from 
solution. To circumvent this gelation, diethylene glycol was used to substitute part of the 
butanediol. One technique for preparation of organo-titanate catalysts uses butanediol together 
with diethylene glycol. See , U.S. Patent No. 5,710,086 to Brunelle et aL Catalysts prepared 
according to this method contain moieties of diethylene glycol, which are later incorporated into 
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the macrocyclic oligoesters prepared using the catalysts. The incorporation of diethylene glycol 
moieties causes deleterious effects on the mechanical properties (e.g., modulus) and thermal 
properties (e.g., melting point and heat distortion temperature) of the polyester prepared from the 
macrocyclic oligoesters. 

[0008] Unfortunately, it is desirable for certain applications such as automotive paint oven or 
rapid molding and cycle time to employ pure macrocyclic oligoesters, i.e., macrocyclic 
oligoesters substantially free from macrocyclic co-oligoesters. To conduct molding at high 
speed, the material (e.g., polybutylene terephthalate polymerized from macrocyclic oligoesters) 
that is molded needs to crystallize rapidly. High purity is thus required. Also, in making a part 
by automotive paint oven, the part is less likely to deflect if the material (e.g., polybutylene 
terephthalate polymerized from macrocyclic oligoesters) has a high heat distortion temperature. 
In addition, higher crystallinity generally leads to higher modulus and better creep resistance. 
Furthermore, employing pure macrocyclic oligoesters (e.g., macrocyclic butylene oligoesters) 
simplifies the manufacturing and product-recovering process as there is no contamination with 
other diols (e.g., diols derived from diethylene glycol). Methods that lead to pure macrocyclic 
oligoesters are thus desired. 

Summary of the Invention 
[0009] It has been discovered that organo-titanate catalysts of the invention are useful for 
preparing macrocyclic oligoesters that are substantially free from macrocyclic co-oligoesters. 
Further, the organo-titanate catalysts of the invention may be used to prepare macrocyclic co- 
oligoesters. 

[0010] In one aspect, the invention is directed to a mixture of reaction products of 

xCTKOR 1 )^ + y(HO-R 2 -OH) + z((HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH)). 

The mixture is substantially free from di-functional diols other than HO-R -OH. Each R is 
independently a Ci-Cio alkyl group. R 2 is a C2-C6 alkylene group. Each of R 3 , R 4 , R 5 , and R 6 is 
independently a hydrogen atom or a C1-C4 alkyl group except that at least one of R 3 and R 4 is a 
C1-C4 alkyl group and at least one of R 5 and R 6 is a C1-C4 alkyl group. W is an oxygen atom, a 
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sulfur atom, a nitrogen-containing group, a phosphorus-containing group, or a C r C 4 alkylene 

group. Each of x and y is greater than 0. In addition, y is larger than z. 

[0011] In another aspect, the invention is directed to a mixture of reaction products of 

nCTi-COR 1 )^ + (2n-m)(HO-R 2 -OH) + m((HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH)). 

The mixture is substantially free from di-functional diols. Each R 1 is independently a Ci-Cio 
alkyl group. R 2 is a C 2 -C 6 alkylene group. Each of R 3 , R 4 , R 5 ? and R 6 is independently a 
hydrogen atom or a Ci-C 4 alkyl group except that at least one of R 3 and R 4 is a C1-C4 alkyl group 
and at least one of R 5 and R 6 is a Q-C4 alkyl group. W is an oxygen atom, a sulfur atom, a 
nitrogen-containing group, a phosphorus-containing group, or a C1-C4 alkylene group. Each of m 
and n is greater than 0. 

[0012] In yet another aspect, the invention is directed to a mixture of reaction products of 

nCTi-COR 1 ) 4) + m(HO-R 2 -OH). 

;1 1 Each R 1 is independently a C1-C10 alkyl group. R 2 is a C 2 -C 6 alkylene group. Each of m and n is 
[ „ greater than 0. The ratio of m to n is greater than 2. 

y [0013] In yet another aspect, the invention is directed to a method for depolymerizing a 
i|| polyester. The method includes providing one or more of above-described mixtures of reaction 
[J products; contacting, in the presence of heat, a mixture including; a polyester, an organic solvent 
which is substantially free of oxygen and water, and one of the above-described mixtures, to 
produce macrocyclic oligoesters substantially free from macrocyclic co-oligoesters. 

[0014] The foregoing and other objects, aspects, features, and advantages of the invention will 
become more apparent from the following description and claims. 

Description 

[0015] According to the present invention, organo-titanate catalysts are prepared that are useful 
for catalyzing depolymerization of polyesters to produce macrocyclic oligoesters substantially 
free from macrocyclic co-oligoesters. 
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Definitions 

[0016] The following general definitions may be helpful in understanding the various terms 
and expressions used in this specification. 

[0017] As used herein, a "macrocyclic" molecule means a cyclic molecule having at least one 
ring within its molecular structure that contains 8 or more atoms covalently connected to form 
the ring. 

[0018] As used herein, an "oligomer" means a molecule that contains 2 or more identifiable 
structural repeat units of the same or different formula. 

[0019] As used herein, an "oligoester" means a molecule that contains 2 or more identifiable 
ester functional repeat units of the same or different formula. 

[0020] As used herein, a "macrocyclic oligoester" means a macrocyclic oligomer containing 2 

or more identifiable ester functional repeat units of the same or different formula. A macrocyclic 
ivy) oligoester typically refers to multiple molecules of one specific formula having varying ring 
y; sizes. However, a macrocyclic oligoester may also include multiple molecules of different 

formulae having varying numbers of the same or different structural repeat units. A macrocyclic 
[y oligoester may be a co-oligoester or multi-oligoester, i.e., an oligoester having two or more 
iS different structural repeat units having an ester functionality within one cyclic molecule. 

[0021 ] As used herein, "an alkylene group" means -C n H 2n - ? where n > 1 . 

[0022] As used herein, "a cycloalkylene group" means a cyclic alkylene group, -C n H2 n -x- 5 where 
Q x represents the number of H's replaced by cyclization(s), 

[0023] As used herein, "a mono- or polyoxyalkylene group" means [-(CH2) m -0-] n -(CH2)m- ? 
wherein m is an integer greater than 1 and n is an integer greater than 0. 
[0024] As used herein, a "mixture of reaction products" means a mixture of compounds 
resulting from a chemical reaction. Thus, a "mixture of reaction products" may refer to a mixture 
of compounds resulting from a chemical reaction that includes one or more solvents and/or any 
side products (e.g., a mono- or di-functional alcohol). A "mixture of reaction products" may also 
refer to a mixture of compounds resulting from a chemical reaction and after removal or 
separation of one or more solvents or one or more side products, or with the addition of one or 
more solvents or additives. 
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[0025] Macrocyclic oligoesters that may be prepared using the catalysts of this invention 
include, but are not limited to, poly(alkylene dicarboxylate) macrocyclic oligoesters having a 
structural repeat unit of the formula: 



•0 A 0- 



O O 
B — 



where A is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group; and B is a 
divalent aromatic or alicyclic group. 

[0026] Illustrative examples of macrocyclic oligoesters include macrocyclic oligoesters of 
poly(l ,4-butylene terephthalate), poly(l,3-propylene terephthalate), poly(l,4- 
cyclohexylenedimethylene terephthalate), polyethylene terephthalate), and poly(l,2-ethylene 
2,6-naphthalenedicarboxylate). 

[0027] In one aspect, the invention is directed to a mixture of reaction products of 



x(Ti-(OR 1 ) 4 ) + y(H0-R 2 -0H) + z((HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH)). 

The mixture of reaction products is substantially free from di-functional diols other than HO-R 2 - 
OH. That is, the mixture is substantially free from (HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH). 
"Substantially free" in this context means that the mixture of reaction products is at least 90%, 
and preferably 95%, free of all di-functional diols other than HO-R 2 -OH, which is determined by 
the amount of diols originally present. 

[0028] Referring to the above formula, each R 1 is independently a Ci-Cio alkyl group, such as a 
methyl group, an ethyl group, a propyl group, an isopropyl group, a butyl group, a pentyl group, 
or a hexyl group. R 2 is a C 2 -C 6 alkylene group, such as an ethylene group, a propylene group, or 
a butylene group. Each of R 3 , R 4 , R 5 , and R 6 is independently a hydrogen atom or a Ci-C 4 alkyl 
group, such as a methyl group, an ethyl group, a propyl group, an isopropyl group, a butyl group. 
However, at least one of R 3 and R 4 and at least one of R 5 and R 6 is a Ci-C 4 alkyl group. Thus, 
(HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH) is a secondary or a tertiary alcohol. W is an oxygen atom, a 
sulfur atom, a nitrogen-containing group (e.g., a -N(R 7 )- group, wherein R 7 is a hydrogen atom 
or a Ci-C 8 alkyl group), a phosphorus-containing group (e.g., a-P(R 8 )- group, wherein R 8 is a 
hydrogen atom or a Ci-Cg alkyl group), or preferably a C1-C4 alkylene group such as a methylene 
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group, an ethylene group, a propylene group, or a butylene group. Each of x and y is greater than 
0, and y is greater than z. Thus, there is more HO-R 2 -OH than (HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )- 
(OH). 

[0029] The reaction of the titanate and the diol(s) may be conducted in an organic solvent or 
neat. Any organic solvent may be used as long as it does not interfere with the desired reaction 
and the properties of the mixture of reaction products. Illustrative organic solvents that may be 
used include, but are not limited to, chlorohydrocarbons such as chloroaromatic hydrocarbons 
(e.g., o-dichlorobenzene). Preferably, no proton donating compounds such as water or acids are 
present during the reaction. 

[0030] In one embodiment, the mixture of reaction products is prepared via a metathesis 
reaction. The reaction may be conducted at any temperature and pressure as long as it yields the 
desired mixture of reaction products. For example, the reaction may be carried out at a 

! £l temperature at about 25°C to about 190°C. In one embodiment, the reaction of the titanate and 

y the diol(s) is conducted at about 120°C to about 180°C. In another embodiment, the reaction of 
the titanate and the diol(s) is conducted at about 140°C to about 170°C. Further, the reaction may 

ill be carried out in an inert environment, such as a nitrogen environment, but such conditions are 

\~" not required. 

I*™ [0031] The reaction is not limited to any particular apparatus or specific processing steps. In 
Q one embodiment, the reaction is conducted in a reaction vessel that has stirring/agitation, heating, 
g and distilling/refluxing capabilities. 

1 ! [0032] The mixture of reaction products may be used in solution as a depolymerization 

catalyst. The mixture of reaction products may have a solvent added to it after its formation or 
the mixture may contain a solvent that was present during the reaction to form the mixture. 
Additionally the reaction products may be recovered by precipitation from solution with cooling 
or addition of an anti-solvent, followed by filtration. In addition, volatile components, which 
may include solvent, may be removed under vacuum, with or without heating. 
[0033] In one embodiment, each of x, y, and z is greater than zero and y = 2x - z. In this 
embodiment, the molar sum of the starting diols, HOR 2 -OH and (HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )- 
(OH), is twice the molar amount of the titanate, Ti-(OR 1 )4. 
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[0034] In another embodiment, z is zero and the ratio of y to x (i.e., the molar ratio of HO-R 2 - 
OH to Ti-(OR 1 ) 4 ) is greater than 2, thereby providing excess diol in the reaction starting 
materials. In this embodiment, (HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH) is not present. In other 
embodiments, the ratio of y to x is greater than 3, greater than 4, or greater than 5. 
[0035] In certain embodiments, W preferably is a Ci-C 4 alkylene group, such as a methylene 
group, an ethylene group, a propylene group, or a butylene group. In other embodiments, R 1 is 
an isopropyl group; R 2 is a butylene group; each of R 3 , R 4 , and R 5 is a methyl group; and R 6 is a 
hydrogen atom. In this embodiment, the titanate is tetraisopropyl titanate, and the diols are 1,4- 
butanediol and 2-methyl-2,4-pentanediol. 

[0036] In another aspect, the invention is directed to a mixture of reaction products of 

nCTi-COR 1 )^ + (2n-m)(HO-R 2 -OH) + m((HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH)). 

The mixture of reaction products is substantially free from di-functional diols, such as HO-R 2 - 
3 OH) and (HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH). Each R 1 is independently a d-do alkyl group, 
such as a methyl group, an ethyl group, a propyl group, an isopropyl group, a butyl group, a 
pentyl group, or a hexyl group. R 2 is a C 2 -C 6 alkylene group, such as an ethylene group, a 
propylene group, or a butylene group. Each of R 3 , R 4 , R 5 , and R 6 is independently a hydrogen 
atom or a C1-C4 alkyl group, such as a methyl group, an ethyl group, a propyl group, an isopropyl 
group, a butyl group, except that at least one of R 3 and R 4 and at least one of R 5 and R 6 , is a d- 
C 4 alkyl group. W is an oxygen atom, a sulfur atom, a nitrogen-containing group (e.g., a -N(R 7 )- 
group, wherein R 7 is a hydrogen atom or a Ci-C 8 alkyl group), a phosphorus-containing group 
(e.g., a-P(R 8 )- group, wherein R 8 is a hydrogen atom or a Ci-C 8 alkyl group), or a C1-C4 
alkylene group (e.g., a methylene group, an ethylene group, a propylene group, or a butylene 
group). Each of m and n is greater than 0. 

[0037] In this aspect of the invention, the molar sum of the diols, HO-R 2 -OH and (HO)- 
C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH), is twice the molar amount of the titanate, Ti-(OR 1 ) 4 . 
[0038] In certain embodiments, W is a C1-C4 alkylene group, such as a methylene group, an 
ethylene group, a propylene group, or a butylene group. In certain embodiments, R 1 is an 
isopropyl group. Thus, the titanate is tetraisopropyl titanate. In other embodiments, R 2 is a 
butylene group. Thus, one of the diols is 1,4-butanediol. 
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[0039] In yet another embodiment, R 1 is an isopropyl group; R 2 is a butylene group; each of R 3 , 
R 4 , and R 5 is a methyl group; and R 6 is a hydrogen atom. In this embodiment, the titanate oxide 
is tetraisopropyl titanate, and the diols are 1,4-butanediol and 2-methyl-2,4-pentanediol. 
[0040] In certain embodiments, the ratio of m to 2n, which is the molar ratio of starting diol 
(HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH) to all starting diols (HO-R 2 -OH and (HO)-C(R 3 )(R 4 )-W- 
C(R 5 )(R 6 )-(OH)) is within a range from about 0.1 to about 0.5, from about 0.15 to about 0.45, 
from about 0.15 to about 0.35, or from about 0.15 to about 0.25. 

[0041] The mixture of reaction products may further include an organic solvent, which may be 
added after the reaction. In certain embodiments, the reaction of the titanate and the diols is 
conducted in an organic solvent. Any organic solvent may be used as long as it does not interfere 
with the desired properties of the mixture of reaction products. Illustrative organic solvents that 
may be used include, but are not limited to, chlorohydrocarbons such as chloroaromatic 
hydrocarbons (e.g., o-dichlorobenzene). 

[0042] Thus, the mixture of reaction products can be prepared by adding a pre-determined 
amount of each of Ti^OR^, HO-R 2 -OH, (HO)-C(R 3 )(R 4 )-W-C(R 5 )(R 6 )-(OH), and a solvent if 
used into a reaction vessel and mixing these reagents at a pre-selected temperature and pressure. 
Distillation is conducted to remove R 2 -OH. The reaction may be followed by the amount of R 1 - 
OH (e.g., isopropyl alcohol) liberated from the reaction. Thus, when the reaction is heated to the 
boiling point of R^OH, the reaction is complete when no more R^OH can be distilled off. 
Alternatively, the reaction may be monitored using NMR on samples periodically taken from the 
reaction. Depending on factors including the starting titanate, the starting diols, the ratio of diols 
and their ratio to the titanate, what solvent is employed, and the reaction temperature and 
pressure, the mixture of reaction products may take different forms, for example, as a solution, as 
a solid (i.e., a precipitate from the solution), or as a liquid. 

[0043] In yet another aspect, the invention is directed to a mixture of reaction products of 

ntTHOR 1 )^ + m(HO-R 2 -OH). 

Each R 1 is independently a Ci-Cio alkyl group, such as a methyl group, an ethyl group, a propyl 
group, an isopropyl group, a butyl group, a pentyl group, or a hexyl group. R 2 is a C 2 -C 6 alkylene 
group, such as an ethylene group, a propylene group, or a butylene group. Each of m and n is 
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greater than 0. The ratio of m to n (i.e., the molar ratio of (HO-R 2 -OH) to Ti-(OR 1 ) 4) is greater 
than 2. 

[0044] In one embodiment, R 1 is an isopropyl group. Thus, the titanate is tetraisopropyl 
titanate. In another embodiment, R is a butylene group. Thus, the diol is 1 ,4-butanediol. In yet 
another detailed embodiment, R is an isopropyl group; R is a butylene group. 
[0045] In certain embodiments, the ratio of m to n, which is the molar ratio of Ti^OR 1 ) 4 to 
HO-R -OH, is within a range from about 2 to about 6. In other embodiments, the ratio is within 
a range from about 2.5 to about 5.5, from about 3 to about 5, or from about 3.5 to about 4.5. 
[0046] Excess HO-R 2 -OH may be removed after the reaction, and substantially all of the 
residual HO-R 2 -OH is separated from the rest of the mixture of reaction products. Removal may 
be effected by conventional techniques such as precipitation, filtration, distillation, and/or 
vacuum evaporation. 

[0047] The reaction between the titanate (i.e., Ti-(OR l ) 4 ) and the diol (i.e., HO-R 2 -OH) may 
be conducted without a solvent, i.e., neat. Thus, the mixture of reaction products does not 
include any solvent. However, a solvent may be added to the mixture of reaction products. 
[0048] In one embodiment the mixture of reaction products can be prepared by adding a pre- 
determined amount of each of Ti-(OR ) 4 and HO-R -OH into a reaction vessel and mixing these 
reagents at a pre-selected temperature and pressures. Distillation is conducted to remove R 2 -OH. 
The reaction may be followed by the amount of R*-OH (e.g., isopropyl alcohol) liberated from 
the reaction. Thus, when the reaction is heated to the boiling point of R*-OH, the reaction is 
complete when no more r'-oh can be distilled off. Alternatively, the reaction may be 
monitored using NMR on samples periodically taken from the reaction. Depending on factors 
including the starting titanate, the starting diol, the ratio of diol to the titanate, and the reaction 
temperature and pressure employed, the mixture of reaction products take different forms, for 
example, as a solid or a liquid. 

[0049] In yet another aspect, the invention is directed to a method for depolymerizing a 
polyester (e.g., polyester linears). The method includes the step of contacting, in the presence of 
heat, a mixture containing: a polyester, an organic solvent which is substantially free of oxygen 
and water, and one or more of the above-described mixtures of reaction products, to produce 
macrocyclic oligoesters substantially free from macrocyclic co-oligoesters. 
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[0050] The reaction temperatures that may be chosen in the depolymerization reaction are 
unlimited. That is, any temperature that results in depolymerization of polyester in the solvent 
may be employed. However, the depolymerization reaction often is conducted at an elevated 
temperature. The depolymerization reaction may be conducted below, at, or above the melting 
point of the polyester to be depolymerized. In one embodiment, the depolymerization reaction 
temperatures is from about 150°C to about 280°C. In other embodiments, the temperature is 
from about 180°C to about 260°C, or from about 220°C to about 250°C. 

[0051] An organic solvent is typically used in the depolymerization reaction. Any solvent that 
does not interfere with the depolymerization reaction may be used. Illustrative examples of such 
solvents include chlorohydrocarbons, such as o-dichlorobenzene. The solvent generally is 
substantially free from oxygen and water. "Substantially free" in this context means a 
concentration of oxygen less than about 50 ppm, and more preferably less than 10 ppm, and a 
concentration of water less than about 50 ppm, and more preferably less than 10 ppm. 
[0052] There is no limitation with respect to the amount of solvent present in a 
depolymerization reaction other than the amount results in the dissolution and subsequent 
depolymerization of the polyester. The concentration of the resulting solution often is less than 
about 0.5 M. In certain embodiments, the concentration of the resulting solution is less than 
about 0.3 M, less than about 0.2 M, or less than about 0.1 M. 

[0053] The depolymerization reaction is typically conducted under ambient atmospheric 
pressure and does not need to be conducted in an inert environment. However, the reaction may 
be conducted in an inert environment, such as a nitrogen or argon environment. 
[0054] The amount of catalyst employed in the depolymerization reaction is typically from 
about 0.5 to about 10.0 mole percent titanate for every polyester monomer unit. In one 
embodiment, the amount of catalyst employed is from about 1.0 to about 5.0 mole percent for 
every polyester monomer unit. In another embodiment, the amount of catalyst employed is from 
about 2.0 to about 3.0 mole percent for every polyester monomer unit. 

[0055] There is no limitation with respect to the apparatus or equipment that may be employed 
to conduct the depolymerization reaction other than allowing the depolymerization of the 
polyester. 
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[0056] Polyesters that may be depolymerized to produce macrocyclic oligoesters according to 
the method of the invention include, but not limited to, poly(alkylene dicarboxylates) such as 
po!y(l ,4-butylene terephthalate), polyethylene terephthalate), and co-polyesters thereof. 
[0057] Macrocyclic oligoesters prepared according to methods of the invention typically are 
substantially free of macrocyclic co-oligoesters. "Substantially free" in this context means that 
the weight percentage of macrocyclic co-oligoesters is less than about 10% and preferably less 
than about 5% of all macrocyclic oligoesters prepared. When the polyester which is 
depolymerized contains a co-polymer, e.g., poly(l,4-butylene terephthalate) containing 
polyethylene terephthalate), "substantially free" in this context means that the weight percentage 
of macrocyclic oligoester of butylene, macrocyclic oligoesters of ethylene, and macrocyclic co- 
oligoester of butylene/ethylene is greater than 90% and preferably greater than 95% of all 
macrocyclic oligoesters produced. 

Examples 

[0058] The following examples are provided to further illustrate and to facilitate the 
understanding of the invention. These specific examples are intended to be illustrative of the 
invention. The products obtained from these examples may be confirmed by conventional 
techniques such as proton (*H ) and carbon-13 ( 13 C) nuclear magnetic resonance (NMR) 
spectroscopy, mass spectroscopy, infrared spectroscopy, differential scanning calorimetry, and 
gel permeation chromatography analyses. 

Example 1 

[0059] A 1 00 mL flask equipped with a magnetic stir bar and fitted with a septum was flame 
dried under vacuum then filled with an inert gas. Tetraisopropyl titanate (15 mmol) is added 
followed by diols (30 mmole) then dry o-dichlorobenzene (25 mL). After the addition of all 
reagents the flask was fitted with a short path distillation head and heated in an oil bath to 140°C 
for about 1 hour. Isopropyl alcohol liberated from the reaction of tetraisopropyl titanate and the 
diols was collected and then the solution was heated in 200°C oil to strip off 15 ml of the o- 
dichlorobenzene to ensure that all isopropyl alcohol was removed. Upon cooling the resulting 
solution was about 1 M in titanium. 
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Example la Ti- (butanediol: diethylene glycol = 3:1) 

[0060] The preparation is as outlined in Example 1 except that the diol in this case was a 
mixture of 3 molar parts butanediol and 1 molar part diethylene glycol per molar part of 
tetraisopropyl titanate. A well-behaved solution (e.g., no gelation) of reaction products resulted. 

Example lb Ti- (butanediol: diethylene glycol = 1:1) 

[0061] The preparation is as outlined in Example 1 except that the diol in this case was a 
mixture of 1 molar part butanediol and 1 molar part diethylene glycol per molar part of 
tetraisopropyl titanate. A well-behaved solution of reaction products resulted. 

Example 1c Ti- (butanediol: diethylene glycol = 0:2) 

[0062] The preparation is as outlined in Example 1 except that the diol in this case was 
diethylene glycol (2 molar equivalents to tetraisopropyl titanate). Upon cooling the solid titanate 
precipitated from solution and was collected on a filter and used as a neat solid. 

Example Id Ti- (butanediol: 2-rnethyl-2,4-pentandiol = 4:1) 

[0063] The preparation is as outlined in Example 1 except that the diol in this case was 4 mole 
parts butanediol and 1 mole part 2-methyl-2,4-pentandiol (hexylene glycol) per molar part of 
tetraisopropyl titanate. The solution was slightly viscous at 1 M. Titanate products gelled from 
solution above 1.5M 

Example le Ti- (butanediol: 2-methyl-2,4-pentandiol = 0:2) 

[0064] The preparation is as outlined in Example 1 except that the diol in this case was 2 molar 
parts of 2-methyl-2,4-pentandiol (hexylene glycol) per molar part of tetraisopropyl titanate. A 
well-behaved thin solution resulted. 

Example 2 Depolymerization 

[0065] Poly(l,4-butylene terephthalate) solutions were prepared at 0.07 M by dissolving 
poly(l,4-butylene terephthalate) (PBT) in o-dichlorobenzene at 180°C under inert atmosphere 
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(84.8 g of o-dichlorobenzene per gram of poly(l ? 4-butylene terephthalate)). A catalyst was 
added using a syringe. The reaction was heated at reflux (1 84°C) until equilibrium was reached 
(usually within about 1.5 hours). The reaction was sampled and diluted with tetrahydrofuran (5 
ml) containing an internal standard (e.g., phenanthrene from Sigma-Aldrich Corp., St. Louis, 
MO). The sample was then filtered and injected on HPLC gradient program where the individual 
macrocyclic oligoesters were quantified. Macrocyclic oligoesters isolated from depolymerization 
reactions were compounded with 0.3 mol% of commercially available butyltin dihydroxide 
chloride (FASCAT™4101 from Atochem) and polymerized at 190°C for 1 hour. Samples of the 
resulting polymer are then analyzed by differential scanning calorimetry. 
[0066] Results are tabulated below. 

Table 1: Yield and Composition of Depolymerizations 





Experiment 


Catalyst 


Catalyst level 
(mol %) 


Yield (Macrocyclic 
Oligoester, %of PBT) 


Macrocyclic Co- 

oligoester 
(% of Macrocyclic 
oligoesters) 




a 


Ti-(BD:DEG=3:1) 


4.0 


50.3 


5.3 




b 


Ti-(BD:DEG=1:1) 


4.0 


62.2 


11.9 


— .»!• 


c 


Ti-(BD:DEG=0:2) 


4.6 


82.0 


21.1 




d 


Ti-(BD:HG=4:1) 


2.8 


51.8 


Nd<0.5 


".Kir 


e 


Ti-(BD:HG=0:2) 


3.0 


6.9 


Nd<0.5 



BD: 1,4-butanediol 

DEG: diethylene glycol 

HG: 2-methyl-2 ? 4-pentandiol (hexylene glycol) 

Nd.: Not detected. 
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Table 2: Properties of Polymers Prepared from Macrocyclic Oligoesters 



Polymer 


Catalyst 


Co-monomer 


m. p. 


Glass Trans. 


s~\ , 11 • • , 

Crystallimty 




Preparation, % 


to/ \ 

(%) 


(lm) 


(!g) 


/'O/A 

(/o) 


PBT 


Example Id, 3% 


0 


232.2°C 


46.8°C 


46.4 


PBT 


Example lb, 7% 


7 


223. 1°C 


44.5°C 


39.8 


5%PET/PBT 


Example Id, 5% 


5 


226.0°C 


46.1°C 


43.3 


10%PET/PBT 


Example Id, 5% 


10 


221.8°C 


43.7°C 


38.3 



PBT: poly(l ,4-butylene terephthalate) 
PET: poly(ethylene terephthalate) 

PET/PBT: co-polyester containing both polyethylene terephthalate) and poly(l ,4- 
butylene terephthalate), the percentage being the percentage of ethylene units over 



the total units of ethylene and butylene. 
Example 3a Ti- (butanediol) 4 eq. 

[0067] A 100 mL round bottom flask equipped with a mechanical stir bar was charged, under 
argon atmosphere, with butanediol (1 1 .76 g, 130,5 mmol, 4 eq.) and then with tetraisopropyl 
titanate (9.27 g, 32.6 mmol, 1 eq.). The flask was fitted with a short path distillation head and 
submerged in a hot oil bath (170°C) to remove isopropyl alcohol from reaction. When the 
distillation of isopropyl alcohol ceased the flask was cooled to 100°C. Vacuum was applied to 
strip out any residual isopropyl alcohol. The titanate material was viscous (honey like) at 100°C 
and became extremely viscous upon cooling to room temperature. 

Example 3b Ti- (butanediol) 3 eq. 

[0068] The procedure of Example 3 a was repeated except that the flask was charged with 
butanediol (12.60 g, 139.8 mmol, 3 eq.) and tetraisopropyl titanate (13.25 g, 46.6 mmol, 1 eq.). 
This material was extremely viscous even at 120°C, impossible to pump into reactor. 

Example 4 Depolymerization 

[0069] A 250 mL 3 -neck flask was equipped with a mechanical stirrer, a short path distillation 
head, a receiver, and a Claisen head fitted with a thermometer and an inert gas inlet. The flask 
was charged with o-dichlorobenzene (173.8 g), poly(l,4-butylene terephthalate) (1.81 g, plastic 
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pellets VALOX 315™ from General Electric Plastics Co., Mt. Vernon, Indiana) and was heated 
in an oil bath to dissolve the plastic pellets. The distillate (22 g) was removed overhead to dry 
the reactants. Then, a solution of 77 (butanediol) 4 eq. in o-dichlorobenzene (272 mg as prepared 
in Example 3a and was dissolved in 3 g of 100°C o-dichlorobenzene, 2.8 mol% Titanate) was 
added. The reaction was held at 180°C and sampled at half hour and at 2 hours to follow 
equilibration to macrocyclic butylene oligoesters. Yield of macrocyclic butylene oligoesters was 
51.5% at half hour and 60.2% at 2 hours. Macrocyclic oligoesters showed no trace of co- 
oligoester according to HPLC. 

[0070] Each of the patent documents disclosed hereinabove is incorporated by reference herein 
in their entirety. Variations, modifications, and other implementations of what is described 
herein will occur to those of ordinary skill in the art without departing from the spirit and the 
scope of the invention as claimed. Accordingly, the invention is to be defined not by the 
preceding illustrative description but instead by the spirit and scope of the following claims. 



